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Abstract This paper is concerned with the question of whether 
atomic particles of the same species, i.e. with the same 
intrinsic state-independent properties of mass, spin, electric 
charge, etc, violate the Leibnizian Principle of the Identity of 
Indiscernibles, in the sense that, while there is more than one 
of them, their state-dependent properties may also all be the. 
same. The answer depends on what exactly the state-dependent 
properties of atomic particles are taken to be. On the 
plausible interpretation that these should comprise all monadic 
and relational properties that can be expressed in terms of 
physical magnitudes associated with self-adjoint operators that 
can be defined for the individual particles, then the weakest 
form of the Principle is shown to be violated for bosons, 
fermions and higher-order paraparticles, treated in first 
quantization. 


1. Introduction 


In the philosophical literature the notions of identity, 
individuality and indistinguishability have received a great 
deal of attention. In this paper we shall discuss how these 
notions have been treated by quantum physicists, and discuss the 
relevance of this to the traditional philosophical arguments 
about these matters. 


Identity is a relation that may exist between items that figure 
inaparticular area of discourse. Itemais identical with item 
b, symbolically a=b, means informally that there are not in 
reality two distinct items at all, but only one item, which may be 
referred to indifferently as a or b. We use ‘item' here as a 
neutral word that comprehends both universals and particulars. 
Particulars that exist in the physical world we shall refer toas 
physical individuals or just individuals for short. The 
existence of such individuals we take to imply their persistence 
through time. They are continuants. Physical individuals are 
to be distinguished then from other sorts of particular such as 
events or states of affairs that may be said to occur or obtain 
rather than to exist. In the philosophical literature 
individuals which have more or less well-defined spatial 
locations are often referred to as ‘things’. 


What confers particularity, or individuality as we shall call 
it, on physical individuals? This raises the fundamental 
problem of how the particular 1s related to the universal, of how 
an individual is related to its attributes. Is it possible for 
two (non-identical) individuals to have all the same attributes 
in common, that is to say to be indistinguishable (indiscernible 
in traditional philosophical terminology)? Leibniz famously’ 
claimed that this was not possible, his Principle of the Identity 
of Indiscernibles (PII). In terms of second-order logic with 
equality PII states 


VF (F(a)e> F(b) >a = b = 


where a and b are any two individual constants and F is a. 
predicate variable ranging over the possible attributes of these 
individuals. 


¥ should be contrasted with the Principle of the 
Indiscernability of Identicals. 


a = b> VF(F(a)e>F(b)) + # 


% x», is uncontroversial, provided the attributes do not involve 
intensional contexts. If two individuals are identical so 
there is in reality just one individual, then there can only be 
one set of truly predicated attributes. But -* has led toa 
great deal of argument. What sort of attributes should be 
included in the range of the variable F? Should we include 
relations (non-monadic properties)? If we include the 
attribute 'being indentical with a', which is certainly true of 
a, then %, is a theorem of second-order logic. But suppose we 
rule out trivializations of PII of this sort, on the grounds that 
such an attribute is not a genuine monadic property, but 
expresses a relation of a to itself which relation (of identity) 
is also satisfied by b, then we can still distinguish a weak and 
strong version of PII. 


Weak version : F includes properties of spatial location. 
Strong version : F excludes properties of spatial location. 
Leibniz himself apparently subscribed to the strong version of 
PII. Hence his interest in searching for indistinguishable 


leaves in the Herrenhausen Gardens in Hanover”. If we subscribe 
to PII in the weak version this raises important questions 


concerning what we are to understand by spatial location. Ona 
relational theory of space a circularity threatens. 
Individuation of material objects-leaves, tables, chairs- 
involves specifying their location in space. But this location 
involves their relations with other physical individuals 
comprising a reference frame. Unless the world is sufficently 
asymmetrical that each object always bears a set of qualitative 
spatial relations to all other objects which it shares with no 
other object, the individuation of the reference frame cannot 
itself rely on spatial relations. Absolute theories of space 
avoid this possible circularity but at the expense of requiring 
an account of what it is that confers individuality on the points 
of space. 


PII seeks to reduce the particular to the universal, the 
individual to a bundle of properties or attributes. But many 
philosophers have argued that such a reduction is not possible, 
that individuals involve something over and above their 
attributes, that confers individuation in an essential and 
unanalyzable way. This is to go the way of the Lockean 
substratum, the unknowable 'something' that attributes 'attach’ 
to. 


If an individual acquires its individuality by something that 
transcends its attributes we shall say that it exhibits 
transcendental individuality, TI for short>. Modern 
analytical philosophy has not taken kindly to TI. Physical 
individuals are usually regarded as being individuated by their 
location in space despite the problems just referred to (which 
may threaten to reintroduce TI for points of space!), and the 
problem of reidentification, of the grounds for claiming that an 
individual b at time t is the same individual as the individual a 
at an earlier time t', involves as necessary condition the 
spatio-temporal continuity of the trajectory joining the 
location of a at time t' and the location of bat time t. The 
proponents of TI might agree that spatio-temporal continuity 
(STC) is what allows us to infer a reidentification across an 
interval of time, but they would claim that it is the persistent 
TL; that, ontologically speaking, confers the 
reidentifiability. 


2. The Problem of Quantum Statistics 


In classical nineteenth century atomic physics the strongest 
version of PII, with attributes restricted to monadic intrinsic 
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properties, i.e. 'internal' properties independent of spatial 
location, is clearly false for the atoms. The weak version is 
however true, if we allow an impenetrability assumption (IA) to 
the effect that two distinct atoms can never occupy the same 
location in space. We want to begin our discussion of quantum 
physics by considering an argument to the effect that quantum 
particles cannot be regarded as individuals at all. If this 
were the case, the problem of how they are individuated simply 
would not arise. PII would not be either true or false but 
simply inapplicable. The argument runs like this. Consider 
the problem of distributing two quantum particles having the 
same intrinsic properties such as mass, spin and charge’, but 
initially supposed to be individuals and labelled 1 and 2, among 
two possible pure quantum states Ja™> and ja", which we may 
suppose to be eigenstates of some maximal observable A for either 
particle with eigenvalues ar and a> as indicated by the notation 
for the states. (In what follows we assume for simplicity that 
all observables under discussion have a discrete spectrum). By 


analogy with the situation in ar ee 


physics we might suppose that there are four possibilities: 


Ct) Both particles are in the state |a™> ; 

(2) Both particles are in the state ja®> 

(3) Particle 1 is in state la> and particle 2 in state la®> 
(4) Particle 1 is in state ja°> and particle 2 in state ja 


Now in classical statistical mechanics arrangements 3 and 4 would 
be counted as distinct and given equal weight in assigning 
probabilities. But in quantum statistics, whether bosonic or 
fermionic, the arrangements 3 and 4 are counted as one and the 
same arrangement for the purpose of assigning weights. This is 
taken to show that the two arrangements are not only 
indistinguishable but are actually identical. But ontologically 
speaking these two arrangements are not identical if the two 
quantum particles are individuals. Hence the quantum particles 


cannot be individuals. 


In passing we may note that this argument, while purporting to 
show that quantum particles fall outside the scope of PII, since 
they are not individuals, is also sometimes invoked to show that 
PII does apply to the states of affairs represented by the two 
arrangements 3 and i, 

What about arrangements 1 and 2? This is where bosons differ 
from fermions. For bosonic particles 1 and 2 are allowed 
arrangements to be counted with equal weight as compared with 
the single identified 3-cum-4 arrangement. For fermionic 
particles however arrangements 1 and 2 are not permitted at 


all. This is the famous Pauli Exclusion Principle. 


We return in the next section to discuss the significance of 
this difference from the point of view of PII. But first we 
want to explain what is wrong with the. argument concerning 

the identity of the arrangements 3 and 4. We begin by writing 
down the state vectors for the combined two-particle system 


corresponding to the arrangements 1,2,3 and 4. They are: 


la" @ la™ (4) 
ja? > @1a?s (2) 
lat > @ Pa®s (3) 


and Ja®> @ Ja™ (4) 


where we use the convention that in a tensor product of two states 
the left-hand member refers to particle 1 and the right-hand member 
to particle 2. 

Now it is quite true that if the quantum particles are individuals 
then the states (3) and (4) are not identical. But the important 
point to notice is that these states are not the ones used in 
discussing quantum statistical mechanics. The relevant states 


for that purpose are as follows: 


|a™» a [a"S (5) 

pa?) a |a°> (6) 

va (ep a [a> >+ Ja) @ Ja) (7) 
and A(la" >a ie - |a°> a | a*S) (8) 


The four states (5), (6), (7) and ¢8) are mutually orthogonal 

and svan the same subspace as the states (1), (2), (3) and (4), but 
they are chosen so that (5), (6) and (7) are symmetric under 
exchange of particle labels (i.e. under exchange of left-hand and 
right-hand members of tensor products), while (8) is antisymmetric 
(changes sign) under the same operation. 

Note that (5) and (6) are the same states as (1) and (2). The 
erucial difference is between the pairs (3) and (4) and (7) and 
(8). 

Now (7) is no more identical with (8) than is (3) with (4). 

But for bosons the states are restricted to the three symmetric 
Possibilities. That is why (8) gets eliminated from the counting 
procedure, not because it gets identified with (7). 

Similarly for fermions the states are restricted to the antisymmetric 
possibilities. But in this simole example this eliminates (5), 
(6) and (7), so (8) alone gets counted, but again not because it 
sets identified with (7). 

To put the matter another way, states with the wrong symmetry 

get eliminated because they are not accessible to the joint 
quantum system, not because there are no such states! 

It should be remembered that for time-evolution under a symmetric 
Hane Leeran” the symmetry character of a state cannot change with 
time, so no transitions can occur between symmetric bosonic states 


and anti symmetric fermionic states. 
— 
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The upshot of our argument is to show, not that quantum ‘particles 
must be individuals but rather that it is_vossible for them to 

be individuals, despite the peculiarities of quantum statistics. 
It is quite true that in quantum field theory (QFT) particles are 
not regarded as individuals. They are simply (quantized) excitations 
of a field. Particle labels do not enter into the discussion at 
all. 

If our simple problem of counting the number of states for a 
two-particle system distributed over two one-particle states were 
transposed to quantum field theory, then for a bosonie( commuting) 
field there would be just three states corresponding to a double 
excitation of either state (mode) plus a single excitation of both 
states (modes). Similarly for a fermionic (anticommuting) field, 
there is only one state since double excitations are not allowed. 
So the quantum statistics comes out the way we want it to. 

It is also true that there are strong arguments for regarding the 
"quantized excitation’ view of quantum particles as the correct 
one!, However, for the purposes of this paner, we continue to 
envisage the possibility of treating quantum particles as 
individuals and vroceed to discuss whether they would or would not 
obey PIL. 


3s The Indistinguishability Postulate 


What do we mean by saying that two quantum particles of the same 
species (characterized by their intrinsic proverties) are 
indistinghuishable? CoM) 
In quantum mechanics{this is expressed by the Indistinguishability 
Postulate (IP) 

<eplalesy = Colaloy,¥ea, vo (9) 
where|b) is an arbitrary N-particle state and Q a possible observable 
on the N-fold tensor product space of states. |Pb» is an 
abreviation, for Pid) where P is the unitary operator which is 
associated/an arbitrary permutation of the particle labels. 


(9) says that it is now possible to tell by M@43U2CNA the 
expectation value of any observable, whether the state of the 


system is |¢> or |P$> - 


We notice that a sufficient condition for (9) to hold is that 
\P4¢>=+] >> with Q any self-adjoint operator on the N-particle 
state-space. This interprets (9) as a restriction on the possible 
states for{ N-particle system, allowing just the boson or fermion 
possibility. (Note that the choice of signs needs only to be 
made for transpositions, since any permutation can be represented 
as a product of transpositions, so even permutations are always 
associated with the plus sign, the distinction between bosons 

and fermions only arising for odd permutations). 

But Greenberg and Messiah ([1964]) pointed out that (9) should, 
on a more profound analysis, be interpreted not as a restriction 
on states, but as a restriction on the possible observables for 
the N-particle system. On this view (9) can easily be shown 

to imply pt QP=Q or QP = PQ, so any permitted Q must: commute 
with any permutation P. This in turn implies that Q must be 

a symmetric function of the particle labels. The label 
permutations provide effectively a set of non-Abelian 
superselecting operators, which can be used to resolve the 

state space into non-combining sectors associated with 
irreducible representations of the symmetric group Sy 

For two particles there are only two irreducible representations 
of S,, provided by states which are symmetric or antisymmetric 

in the particle labels. So we are back to the boson and 

fermion possibilities but, with more than two particles, higher- 
dimensional representations of the symmetric group exist, 
allowing for the possibility of so-called parastatistics 


intermediate in character between bosonic and fermionic behaviour. 


But even in the two-particle case it should be noted that the 
Messiah and Greenberg approach does not restrict the available 
states, only their accessibility in the way we described in the 
previous section. 

Let Q now denote a possible observable (self-adjoint operator) 

on a single particle. Considered as possible physical magnitudes 
for the joint system we have two possibilities:Q @ I for particle 1 
having the property Q and I @ Q for particle 2 having the 

property Q. Denote by Q ® I by Qy and I @ Q by Qo. Then IP 

says, on the Messiah-Greenberg interpretation,that although 


Qy and Q, are self-adjoint operators on the Hilbert 


space for the joint system, they cannot actually be observed. 

The intuition here is that observing Q, or Q, would involve 
knowing empirically which particle was which, and this is 
impossible if the particles are indistinguishable. 

But from the point of view of discussing PII, it seems clear that 
we should not restrict the discussion to attributes which can 
actually be observed. This would restrict the discussion to 
symmetric combinations such as Q,+ Qo The ontological 
significance of PII can only be brought out by discussing whether 
particles 1 and 2 have the same physical attributes expressed by 
Q, and Qo and their associated ‘actualization' probabilities ? 
while recognizing that these attributes can never be observed, 


This is the task we shall attempt in the next section. 


4 Quantum Individuals and the Identity of Indiscernibles 


We begin by discussing the case of fermions. It has been claimed 
in the literature that the Pauli Exclusion Principle, 

prohibiting two fermionic particles from being in the same quantum 
state, is a clear vindication of PIT’, What is being prohibited, 
apparently, is that the two fermions shall have both the same 
intrinsic state-independent properties of mass, spin, electric 
charge, etc and the same state-dependent properties expressed 

by expectation values of all quantum-mechanical physical 
magnitudes. But look at the allowed state (8). It is not true 
in such a state that each particle is present in a different 
state. Each particle clearly 'partakes' of both the states \aS 
and jae in the superposition of product states expressed in 
(8). So might it not appear that in the allowed state both 
particles also have the same state-dependent properties, which 
would contradict PII? Let us formulate the state-dependent 
properties in terms of physical magnitudes such as Q, and. Q, 
pertaining to each particle separately as discussed in the 
preceding section. In orthodox interpretations of quantum 
mechanics the properties Q, and Q, must be interpreted not as 
possessed values, but as propensities to yield specified 
‘actualization' results in accordance with the familiar 
statistical algorithm for computing the associated probabilities. 


Denoting the fermion state (8) by |Y> we shall be interested in 
comparing both monadic properties of the form Prob |¥ e (Qy =D) 
and pron’? *¢Q, = 4%), where the notation indicates the 
probability in the state |Y> that the physical magnitude 
pertaining to either particle actualizes with the indicated 
value, and also relational properties of the form . 

Prob 1% Bon = aS Ai, = 4? ) and Prob l¥?(Q, = get e=¥) which refer 

to the conditional probabilities of actualizeng ‘ one magnitude 
given the actualization result for the other. 

These quantities are easily computed from the joint distribution 


Bea = Ppa, = 3h 

“|< gts gFlag>o |? 

b\<gpat> |? + |< gPfaeo|? 

b [<qt]aS>[? + |<pPfa®>]? 

Re < a™|gh><g7/aS><aS]y* >< qh la” (10) 


Prob 


+ 


Summing this result over 4 and B to obtain the marginal 
probabilities and remembering > Wro<4 | = T, <a fa*> = 6 
and <a™[a™> = <a®[a®> = 1 yields immediately 


Prob !f> 


(Q, = 48) = Propl¥” (aq, = 9%) 
= a cqtfa?>|? + a |cqt]aS>]? (41) 
Similarly we find 
Probl?” cq, = qa, = 9f) 
propl#?cq, = 4Xvq, = 4h) 
(Jc qhlat>|? = |<g8 a2]? + \cafaS>|? . [cghlaro| ? 
2Re<a™ |4* >< ge fa5><aS| gPo< gh la™>] 


[ey cpar>|? + cgPlaS> [?3 (12) 


The significance of (11) and (12) is that the two fermions in the 
state (8) do in fact have the same monadic properties and the same 
relational properties one to another, so the weakest form of PII 
which we can formulate which involves both monadic properties 


: ‘ F ' J 
and relational properties, is violated. 


There are a number of comments we want to make concerning this 


conclusion and the way it was derived. 
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(1) In classical physics the state-dependent properties of a 
particle are completely specified by the maximally specific state 
description (location in phase space). Hence we can yeplace the 
question, "Do classical particles have the same state-dependent 
properties?" with the question "Do the two particles have the 
Same maximally specific state description?" 

If we try the same move in quantum mechanics we run into the 
problem that for a so-called 'entangled' state such as (8) there 
are no pure states which can be ascribed to the separate particles. 
(If there were such states the state of the combined system would 
be the tensor product of the states in question, but (8) is not 
of the form of a tensor product - it is a superposition of tensor 
products). 

Now pure states in QM play the role of maximally specific states, 
so if we identified the relevant properties of the two particles 
with the pure states they are in, we would have to conclude that 
there is no answer to the question "Do they have the same 


properties?" 


A corrolary of this result is that insofar as we can speak of 
states for the separate particles at all we must speak of mixed 
states}, Indeed the relevant mixed states are the same for 

the two particles /* - equiprobable mixtures of the states Ja™> and 
}a>>. This is, of course, the essential content of the result 

for the marginal probability distributions for Q, and Q,. But 

our analysis has gone beyond that involving the (improper) mixed 
states of the separate particles, by considering also the 
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relational conditional probabilities given in (12). 


C2) There is another sort of relational property we might 


consider, expressed by comparing 
= 9% s s ; 
Prob (Q, = 4 /Q,= 9h = fap (13) 


with Prob (Q,=2%/055 9h given by (12). 

These relational properties of particle 2 to itself as compared 
with relations of particle 1 to particle 2 we reject as 
vindication of PII, for the same argument as we discussed in 
section 1 for ruling out illegitimate trivializations of PII. The 
purported vindication of PII again depends on regarding (13) as a 
monadic property of particle 2 whereas it is in fact a relational 
property of particle 2 to itself, which is also true as a 


relation of particle 1 to itself. 


aml 


(3) Tf we write ad = ‘ig in equation (12) then we indeed find 
for fermions the result 
Prob (a,= ff / a9: A = 0 

1 2°} 
This show that if actualization of Q5 gives a certain value then 
there is zero probability that a concurrent actualization of Qy 
will yield the same value. This is the real significance of the 
Exclusion Principle, but has no bearing on PII, if we adhere to 
the orthodox view that actualizations do not correspond to 


antecedently existing possessed values. 


(4) This brings us to our final commeat. In hidden-variable 
reconstructions of QM, the circumstance demonstrated in point 3 
above, would lead us to regard PII as vindicated for fermions 
(assuming that actualization results merely naveak pre: existing 


values). 


We now turn to the case of bosons. It is often assumed that 

purported viglation of PII depends on consideration of states such 

as (8) or (6) where both particles can indeed be attributed the 
1b 

Same pure state". 

Denoting the state (5) by | £> , for example, we can easily obtain 


the following results corresponding to (11) and (12): 
ih F ,2 
Prob Ips (4 ihe ) = Prob |$> (Q5=f) Ka" (11') 
and Probl (0, -@V/a,= ff) = prop can2¢/arg) =kKV wyFae") 


So, as we might expect, bath monadic and relational properties 


are the same for the two varticles. 

But it should be noted that this conclusion is also true for the 
state (7), where two different states are involved. In this case 
the results (11) and (12) apply with the minus sign in front of 
the 'interference' term in (12) replaced by a plus sign. 


Finally, we make a brief comment on the case of paraparticles. 
Here there do exist states for which the monadic properties of 
all the separate particles are not the same, but equally there 
are possible paraparticle states for which PII is violated in 


the same way as for bosons and fermions. 


“lyon 
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As an example consider the following normalized state for three 


parabosons of order 2 
i 
\P > =acla]a>la®> - [a |a™ Ja") (14) 
where |a™)> and la© are two distinct one-particle states and 


triple ténsut products are written in the sequence of particle 
labels 1, 2 and 3, 


Denoting -@ @ I@ I by Q,, 1@QaT by Q, and I @I@Q_ by Qs, 
we ober for the trivle Joint distribution 


prov!®> (a,=9X@ 0,27 F8 05795) 

ee vlad star lus) : 

= alle SI es II" Ke I 2*)|° 

Ka [eS 17 “KT 2] 

- aneda”|p*yg *la®) Calf" war & pyar « sas 


From (15) we find immediately the marginal distributions 


i 
Prob |¥ 5 (Q=P) = prob l¥ (a529°9 


= ade htt 21? 


while 


(16) 


oa, D> (a=) = Qa [aP> 


Thus particles 1 and 3 have the same monadic proverties expressed 


(17) 


by the marginal distributions but these differ from the monadic 
properties of particle 2. 
Let us now show that particles 1 and 3 also have the same 


relational properties with respect to both the remaining particles. 
We easily find that i 
Provl¥> (a, = fla; yt) = prov” (95°) Vf =3°) 
¥ 2 
= [IG fa" S| | | %s]° + Ke [2°] 1 | 2° 
- Re (a : sui oe [p> cple"7 J 


(18) 
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Furthermore 
prop|£'?(9, = 9%/a, = 99) 
prob lt’? (9, = %/Q, =gh) 
ry 42 sy 42 
aLixptfa™> |? + [x pao ]*s (19) 
and finally 
Prob |’? (q,= 94 /05298524%) 
Probl? (Qg2 g*/0, =fha= 90 
C1<gh lato]? «|[<gPf aS]? + [<p aro]? 
Kobe}? bared? [lel 
apeca™ |9%>< gt faS><aS| gPo<qPlaPo<a™| ye >< y? Jif 
gh} a> 1?c [<phe™| 7 + |<p%]a%> [71 (20) 


+ 


These results show that PII is violated for particles 1 and 3 
in the state J¥'>. even in its weakest form, that includes all 


the relevant relational properties. 


Se Conclusion 


There are two main conclusions of this paper. Firstly that 
indistinguishable particles in QM can be treated as individuals, 
but secondly, if they are so treated, then, on the most 
plausible reading of what constitutes a property of a 
quantal particle, even the weakest form of PII, including 
both monadic and relational properties, is violated both 

for bosons and fermions, and indeed for higher-order 
paraparticles. 

It should be noted that if quantal particles are individuals, 
then their individuality must be conferred by TI. STC is 

not in general available in QM, since particles do not move 
in well-defined trajectories, so the question of spatio- 
temporal continuity of trajectory does not arise. The only 
exception to this is where the one-particle states involve 


well-defined wave packets, which diffuse sufficiently slowly 
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over time, as would be possible for the classical limit of 

sufficiently massive particles. 

But it is clear that in the case of macroscopic bodies, where 

STC can be used to label the bodies, the STC criterion actually 

conflicts with the TI individuation of the elementary particles 

composing the body. To be strict every electron, for example, 

partakes of the state of every other electron in the universe, 

according to the antisymmetrization requirement! 

But notice, that under conditions where the ‘interference’ 

term in (10) can be neglected, then the state ly > behaves 

like a proper mixture of states in which particle 1 is in state 
lar and particle 2 in state {a®> and the permuted state 

in which particle 1 is in state | a®> and particle 2 in state 
laa with equiprobable weights for the two component states 

in the mixture. So under these conditions the state (8) behaves 

like an equiprobable mixture of the states (3) and (4). In 

other words, when ‘interference! can be neglected, we recover 

the same possibilities for states as in classical physics, 

where states (1) and (2) would anyway be eliminated by IA 

assuming them to be maximally specific. 

But, of course, ontologically speaking, ‘interference' is 

never strictly absent. That, after all, is what constitutes 

the 'problem of measurement! in QM, so the involvement of every 

electron with the state of every other electron in the universe, 

although negligible for practical purposes, remains an 

ontological commitment of QM, under the interpretation where 

the particles are treated as individuals. 

If this sounds too bizarre to be acceptable, it provides 

another argument for preferring the treatment of indistinguishable 


particles along the lines provided by quantum field theory. 


In this paper we have been concerned with conceptual 
possibilities, rather than what is most reasonable to believe 


about the ontological status of elementary particles. 
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Notes 


* Some of the arguments in this paper appeared in a thesis 
submitted by one of us (S.F.) in partial fulfillment of the 
requirements for the PhD degree of the University of London, in 
1984, entitled "Identity and Individuality in Classical and 
Quantum Physics". 


T Present address : Department of History and Philosophy of 
Science, University of Cambridge, Free School Lane, Cambridge 
CB2 3RH 


ls There is much discussion in the literature as to whether a 
clear-cut distinction can be made between relational and 
monadic properties. For useful comments see Hoy [1984]. 


2. There is no real concensus about Leibniz's own views on the 

status of PII. The locus classicus is generally held to 

be Leibniz (1961) Book II Chapter XXVII. For an 

influential critical discussion see in particular 
Ishiguro [1976]. 


3. This terminology is due to Post [1963]. 


4, In the physics literature such particles are often referred 
as ‘identical’. In our terminology this would mean 
they were one and the same particle! We shall use the term 
'indistinguishable', in place of the physicist's 
‘identical’. 


5. This interpretation of PII is mooted in Lucas [1984] p.131. 


6. The justification for assuming that the Hamiltonian 
observable must be a symmetric function of the particle 
labels will become apparent in Section 3. 


7. See Redhead [1983] and [1986] for further discussion of the 
QFT approach. 


8. We refer to ‘actualization' rather than 'measurement 
result', to emphasize the point that they are not 
observable. They will, however, be produced by 
measurement interactions, but not in a way which makes them 
identifiable as contrasted with their particle label 

able. permuted variants. But note that the probability of 

ol= ak observing some eigenvalue q”™ for Q on one or other particle 
is calculated in QM as the sum Prob (Q, = a ) + Prob (Q3 = 

We are claiming here ontological significance for each 

individual summand in this formula for an observable 


probability. 


aah 
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9. See Shadmi [1978]. 


10. This result remains true if we consider also relational 
properties of the form Prob (Q, = gy Ga= 7? se lh 9 
which is easily seen to be equal to Prob (Q, =2 /a\= 7°) 
“where Q/ =Q@@1I,Q,/ =I0 Q@ and@isa self-adjoint 
operator distinct from Q. This generalization also 
applies to the other violations of PII discussed in this 
section. 


11. See D'Espagnat [1976] pp.58-61 for a discussion of mixed 
states arising in this way. He calls them 'improper' 
mixtures. 


12. A similar point is made in van Fraassen [1984]. See also 
Margenau [1944] and [1950]. 


13. It should be stressed that these relational properties 
expressed by the conditional probabilities in no way 
supervene on the monadic properties expressed by the 
marginal distributions. In the terminology of Teller 
[1986] they are inherent relations. 


14. See, for example, the discussion of PII for bosons given by 
Cortes [1976], Barnette [1978], Ginsberg [1981] and Teller 
[1983]. 


15. Compare Hartle and Taylor [1969] for details of how to 
construct paraparticle states. The state (14) is obtained 
from their (2.5) by identifying two of the one-particle 
states. 


References 


BARNETTE, R.L. [1978]: "Does Quantum Mechanics Disprove the 
Principle of the Identity of Indiscernibles?", 
Philosophy of Science 45, pp.466-70. 


CORTES, A. [1976]: "Leibniz's Principle of the Identity of 
Indiscernibles: A False Principle", Philosophy of 
Science 43, pp.491-505. 


D'ESPAGNAT, B. [1976]: Conceptual Foundations of Quantum 
Mechanics, 2nd Ed. Benjamin. 


17 


GINSBERG, A. [1981]: "Quantum Theory and the Identity of 
Indiscernibles Revisited", Philosophy of Science 48, 
pp.487-91. 


HARTLE, J.B. and TAYLOR, J.R. [1969]: "Quantum Mechanics of 
Paraparticles", Physical Review 178, pp.2043-51. 


HOY, R.C. [1984]: “Inquiry, Intrinsic Properties and the 
Identity of Indiscernibles", Synthese 61, pp.275-97. 


ISHIGURO, H. [1976]: "Leibniz's Theory of the Ideality of 
Relations", in H.G. Frankfurt (ed.): Leibniz: A Collection 
of Critical Essays, Notre Dame University Press, 
pp.191-213. 


LEIBNIZ, G.W. [1981]: New Essays on Human Understanding. 
Translated and edited by P. Remnant and J. Bennett, 
Cambridge University Press. 


LUCAS, J. [1984]: Space, Time and Causality. Oxford University 
Press. 


MARGENAU, H. [1944}: "The Exclusion Principle and its 
Philosophical Importance", Philosophy of Science 11, 
pp.187-208. 


MARGENAU, H. [1950]: The Nature of Physical Reality. McGraw- 
Hill. 


MESSIAH, A.M.L. and GREENBERG, O.W. [1964]: "Symmetrization 
Postulate and its Experimental Foundation", Physical 
Review 136B, pp.248-67. 


POST, H.R. [1963]: "Individuality and Physics", The Listener, 
10th October. Reprinted in Vedanta for East and West 
232: (1973) 5 Ppsl42e 


REDHEAD, M.L.G. [1983]: "Quantum Field Theory for 
Philosophers", in P.D. Asquith and T. Nickles (eds.): 
Proceedings of the 1982 Biennial Meeting of the Philosophy 


REDHEAD, M.L.G. [1986]: "A Philosopher Looks at Quantum Field 
Theory", forthcoming in H.R. Brown and R. Harre (eds.): 
Conceptual Foundations of Quantum Field Theory. Oxford 
University Press. 


